Boropinic acid and other natural prenyloxycinnamic and benzoic acids were easily synthesized in high yield by a two-step sequence from the corresponding p-hydroxy aromatic acids and were assayed for radical scavenging activity using the DPPH test and for inhibition of enzymatic lipid peroxidation mediated by soybean 5-lipoxygenase. Compared to other acids and to known antioxidant compounds like BHT, Trolox and ascorbic acid, boropinic acid was far more active in the lipoxygenase test (IC 50 = 7.6 ng/mL, p < 0.05). The recorded inhibition value suggested that boropinic acid acted as an enzyme inhibitor rather than a mere radical or peroxide scavenger. This hypothesis was confirmed by studying the interaction between boropinic acid and soybean 5-lipoxygenase by molecular modelling techniques.
Secondary metabolites of phenylpropanoic acid biosynthetic origin containing sesquiterpenyl, monoterpenyl and isopentenyl chains attached to a phenol group represent quite a rare group of natural products. Some of these compounds, including coumarins [1] , anthraquinones [2] , xanthones [3] , flavonoids [4] and carboxylic acids, have been recently studied chemically and pharmacologically. Among the latter, cinnamic and benzoic acids have been shown recently to have valuable biological properties [5] .
To the best of our knowledge, only five prenyloxyphenylpropenoic acids have been reported from natural sources: 3-(4'-geranyloxyphenyl)-2-trans propenoic acid (1), 3-(4'-geranyloxy-3'-methoxyphenyl)-2-trans propenoic acid (2), isolated from Acronychia baueri Schott [6] , boropinic acid (3), extracted from Boronia pinnata Sm. [7] , valencic acid (4),isolated from Citrus sinensis L. and Aegle marmelos [8] , and 4-isopentenyloxy-3-methoxy benzoic acid (5) , isolated as a methyl ester from the liverwort Trichocolea lanata (Ehrh.) Dumm. [9] . The aim of this study was to synthesize these natural prenyloxy-carboxylic acids and to test their antioxidant activity. Compounds 3 and 5 were obtained, using the same reaction conditions as above, in 96% and 98% yield from ferulic acid and vanillic acid, respectively, while compound 4 was synthesized in 99% yield by a one-pot alkylation-basic hydrolysis from commercially available methyl p-hydroxy benzoate and employing, in all cases, 4-bromo-2-methyl-2-butene as alkylating agent. Compounds 1-5 were first assayed to evaluate their radical scavenging activity by the DPPH test [10] , using Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), BHT (butyl hydroxy toluene) and ascorbic acid as positive controls. Results are reported in Table 1 .
As shown in Table 1 , no acid exhibited an appreciable radical scavenging activity compared to the controls, particularly those having a free phenolic hydroxyl group like Trolox and BHT. So, the lack of any significant radical scavenging ability of compounds 1-5 may be due to the alkylation of the phenol moiety with either a geranyl or isopentenyl group.
We then evaluated the inhibition of polyunsaturated fatty acid (PUFA) peroxidation catalyzed by soybean 5-lipoxygenase (5-LOX) [11] . Assessing the inhibitory effect of a chemical on this enzyme is noteworthy, as lipoxygenases are nowadays recognized as playing a major role in cancer cell growth, metastasis, invasiveness, cell survival and induction of tumor necrosis factor (TNF) [12, 13] . More particularly, it has been observed that the inhibition of the 5-LOX pathway has a chemopreventative effect in lung carcinogenesis, prevents the biological activation of different types of carcinogens, decreases cell proliferation, and induces apoptosis [14] [15] [16] . We used soybean 5-LOX in our study as, despite differences in the number of aminoacids between plant and mammalian LOXs, it has been reported that these proteins are similar in topology, with high similarities in the respective active sites and mechanism of catalysis [17] . Results on the inhibition of lipoxygenase mediated lipid peroxidation are reported in Table 2 . Trolox, BHT and ascorbic acid were used as positive controls. As reported in Table 2 , the pattern of antioxidative activity of 1-5 is similar to that recorded for the radical scavenging activity, with the notable exception of boropinic acid (3). This cinnamic acid derivative is far more active, not only in respect to compounds 1, 2, 4 and 5, but also when compared to the positive controls. The value recorded for boropinic acid suggested that it did not act as a mere reducing agent like Trolox, BHT and ascorbic acid, but more likely as an effective 5-LOX inhibitor.
To rationalize tentatively the inhibitory mechanism observed for boropinic acid and the lack of efficacy of the other four natural carboxylic acids we have inferred a possible lipoxygenase/ligand docking by comparative modelling.
Among ligands reported to have an inhibitory effect on soybean lipoxygenase [17] , 3,4-dihydroxybenzoic acid (DHB) showed the most significant structural similarity with boropinic acid and we have adopted its geometry of binding to the same cavity in the lipoxygenase protein as a model for the docking of boropinic acid. We have initially assigned to the phenyl ring of boropinic acid the same position and orientation known for the phenyl ring of DHB in the lipoxygenase/DHB complex (PDB structure 1n8q). In order to minimize collisions with the protein atoms, boropinic acid was subjected to structure optimization. The final docking of boropinic acid (3) required minor adjustments with respect to its initial position of insertion in the protein cavity. In Figure 1 are shown the mutual positions of boropinic acid and the DHB, as viewable if the two respective theoretical and experimental complexes with lipoxygenase were superimposed by aligning the protein backbones. The interactions of 3 and DHB should involve at least some common amino acid residues in the protein cavity. A peculiar feature of the modelled lipoxygenase/boropinic acid complex ( Figure 2 ) is the possibility for the apolar atoms of the isopentenyloxy group to be oriented and enter in van der Waal's contact with a cluster of hydrophobic amino acids. Since this additional interaction might contribute to the enhancement of the complex stability, it seems that the loss of activity of lipoxygenase in the presence of boropinic acid could be the result of enzyme inhibition as a consequence of stable ligand docking in the active site, while similar experiments performed for all the other acids showed that the geranyloxycinnamic ones are too big to fit the active site while benzoic acids are too small to get more stable interaction with the enzyme.
In summary, the results described herein provide a new high yielding and environmentally friendly synthetic route to prenyloxy aromatic acids and indicate boropinic acid as a lead compound of a novel class of selective LOXs inhibitors.
Experimental
General experimental: For the synthesis of compounds 1-5 the same general procedure as that reported previously was followed [5] . 3-(4'-Geranyloxy-3'-methoxyphenyl)-2-trans propenoic acid (2) Yield: 96%. Analytical data are in full agreement with those reported in the literature [5] Boropinic acid (3) Yield: 96%. Analytical data are in full agreement with those reported in the literature [7] Valencic acid (4) 
3-(4'-Geranyloxyphenyl)-2-trans propenoic acid

Inhibition of lipid peroxide formation test:
Lipid peroxidation inhibitory activity was evaluated using the 5-lipoxygenase test in conjunction with positive controls. The activity of the enzyme was assayed spectrophotometrically according to the method of Holman, as modified by Sud'ina et al. [11] . The assay mixture (1 mL) contained: 10 mM linoleic acid, the sample (or the same quantity of solvent as reference) and 50 mM sodium phosphate, pH 6.8. This mixture was maintained at 20°C for 20 min. Subsequently, 0.18 μg mL -1 commercial 5-lipoxygenase was added to the mixture and the formation of hydroperoxides from linoleic acid was observed spectrophotometrically at 235 nm at 20 °C.
Docking experiments: Molecular Dynamics (MD) of lipoxygenase (PDB structure 1n8q) was performed with the program NAMD (v2.5) [18] after having removed all heteroatoms from the structure (ligands and crystallization water molecules). The simulation was carried out in explicit solvent under periodic boundary conditions using the CHARMM 27 parameter set. The system was minimized for 500 steps (1 fs per step) and the MD simulation was carried out for 500000 steps (500 ps) at a temperature of 310 K. Molecular representations were made with the program PyMol.
